Objectives: Active mRNA distribution in the form of ribonucleoprotein particles moving along microtubules has been shown in several cell types, but not yet in cardiocytes. This study addresses two hypotheses: 1) a similar mRNA distribution mechanism operates in cardiocytes; 2) decoration of microtubules with microtubule-associated proteins compromises this distribution. Methods: To visualize ribonucleoproteins in cultured neonatal rat cardiocytes, they were transfected with vectors encoding zipcode binding protein-1 and Staufen fused with GFP. The velocity of microtubular transport and elongation were calculated on time-lapse confocal pictures. Results: ZBP-1 and Staufen labeled particles co-localized with each other and with microtubules and moved along microtubules over a distance of 1 -20 Am with a mean speed of 80 nm/s. The average speed decreased about 50% after decoration of microtubules by adenoviral microtubule-associated protein-4 (MAP-4). The elongation speed measured using the GFP-tagged end-binding protein-1 exceeded 200 nm/s and was not influenced by MAP-4. Conclusions: We demonstrate for the first time ribonucleoprotein particles in cardiocytes, their microtubular-related movement, and its inhibition (but not of the microtubular elongation), by the MAP-4 decoration of microtubules.
Introduction
Cardiocytes have a high rate of protein turnover, with proteins of both the myofilament and extramyofilament cytoskeleton being renewed to the extent of¨20% per day [1] . These processes are greatly enhanced during hypertrophy [2] . Thus, a consistent supply of translation-competent mRNA for these structural proteins to the polysomes is needed for normal cellular homeostasis, and it is essential for hypertrophic growth. However, several unique aspects of cardiocyte cytoarchitecture challenge this biosynthetic pathway. In terms of cardiocyte volume, myofibrils are 50-60%, mitochondria are 25-35%, nuclei are 3 -5%, the T-system is 1 -2%, and the sarcoplasmic reticulum is 1-3% [3 -5] . ''Free'' cytoplasm (containing glycogen, ribosomes and the extramyofilament cytoskeleton) makes up onlÿ 10%. This high concentration of organelles markedly limits the free diffusion of macromolecules within these large cells. Therefore, mRNAs for cardiocyte structural proteins must be actively delivered to their sites of translation rather than simply arriving via diffusion.
In 1993, James Wilhelm and Ron Vale [6] formulated a hypothesis according to which the transport of mRNAs, and not of the translated proteins, is responsible for the localization of cytoplasmic proteins. This model, slightly modified by Jansen [7] , entails the binding of specific shuttling factors to the so-called ''zip-code'' sequence of nascent mRNA in the nucleus [8, 9] . The term ''zip code'' as a definition for mRNA localization signals within the 3VUTR was proposed by Singer in 1993 [10] and since then has been broadly employed [7,10 -12] .
Zip code function is mediated by mRNA-binding proteins [7,13 -18] . The best described and the most promising for the study of mRNA trafficking in cardiocytes are zipcodebinding protein-1 (ZBP-1) [10 -12,19,20] and Staufen [21 -28] . ZBP-1 was shown to participate in mRNA granule formation and is needed for mRNA -cytoskeleton attachment [19] . Further, ZBP-1 co-localizes with a h-actin transcription site [20] . Staufen, found also in skeletal muscle [26] , was co-immunoprecipitated with the microtubulebased + end directed motor protein kinesin in Xenopus oocytes and was proposed to represent a link between specific mRNAs and the transportation machinery [29] .
The active distribution of mRNA has been described in several cell types, including ascidian embryos [30] , mosquito salivary glands [31] , Drosophila oocytes [9, 32] , Xenopus oocytes [33] , rat embryonic neurons [34, 35] , rat oligodendrocytes [8] , and chicken embryo fibroblasts [19] . The organization of mRNA in ribo-nucleo-protein (RNP) granules in living cells and their movement along the cytoskeleton was shown for the first time in dendrites of mammalian neurons [36] , then in oligodendrocytes [37] and the dendrites of rat hippocampal neurons [38] . RNP granules have been hypothesized to represent storage containers for mRNA under translational arrest, which could be poised for release to actively translated pools [35] . However, RNP granules and their active distribution have not been described in cardiocytes.
As one example of active intracellular distribution, microtubules serve as rails for the transport of vesicles, cytoplasmic particles [39, 40] , membrane receptors [41] , and translation-competent mRNAs [6,42 -44] . Active, microtubule-based mRNA transport has been described in Drosophila oocytes, yeast, neurons, oligodendrocytes, and fibroblasts [15,16,22,37,43 -45] .
A major impetus to this study was our finding that in pressure-overload cardiac hypertrophy, cardiocytes contain an increased amount of microtubules, heavily decorated with and stabilized by the predominant cardiac microtubuleassociated protein, MAP-4 [46] , which contributes to cell viscosity and contractility deficits [47 -56] . Depolymerization of microtubules restores both the contractility of cardiocytes and cardiac function to normal [54,56 -58] . However, the present study was based not on cardiocyte mechanics but on the question of whether the extensive MAP-4 decoration of a dense microtubule network that we find in pressure-overload cardiac hypertrophy might disrupt important cellular functions by interfering with microtubulebased intracellular transport of vesicles and cytoplasmic particles [6, 39, 40] .
Thus, the aim of present study was to initially test in neonatal cardiocytes the hypothesis that cardiocyte mRNA transport is microtubule-dependent and that excessive MAP-4 decoration of microtubules compromises this transport function, thereby affecting processes important for the protein biosynthesis that is essential for the anabolic cellular response to hemodynamic overloads.
Materials and methods

Ethical statement
This investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Animals and isolation of cells
Primary neonatal rat heart cell cultures were prepared from ventricular myocardium of 0-to 3-day-old rats as described [59] . Briefly, the cardiocytes were dissociated in (Ca 2+ -Mg 2+ )-free Hank's salt solution buffered with 30 mM HEPES, pH 7.4, in a Celstir apparatus (Wheaton Instruments) at 37 -C by the addition of trypsin (Cooper Biomedical Inc.), chemotrypsin, and elastase (Sigma) at concentrations of 2.4, 2.7 and 0.94 U/ml, respectively. After each of six successive 20-min incubations, the dissociated cells were mixed with minimum Eagle's medium (GIBCO) containing 10% newborn calf serum, centrifuged at 500Âg, and pooled. Cells were transfected by nucleofection (see below) and plated at a density of about 5 Â 10 5 cells in 22 mm (170 Am thickbottomed) gelatin-coated WillcoWells\ culture dishes for live cell microscopy [28] . The majority of cells remained quiescent in vitro, and only a small percentage was beating at a low frequency spontaneously or under the laser beam; these cells were excluded from measurements.
Plasmids and transfection of cardiocytes
The vector encoding the fusion EYFP -Staufen protein [21 -28] A Nucleofectori kit designed for transfection of freshly isolated primary cardiocytes from newborn rats (Amaxa Biosystems, Giessen, Germany) was used according to the manufacturer's protocol. About 2 Â 10 6 cells and 2 -5 Ag of plasmid per transfection (single plasmid or double) were used for each transfection. Up to 10% of cardiocytes were transfected.
Adenoviral infection
Adenoviruses expressing bacterial h-gal and human MAP-4 (Adh-gal and AdMAP-4) were generated in our laboratory as described [64] . Neonatal rat cardiocytes were infected in serum-free medium [64] at a multiplicity of infection (MOI) of about 10 plaque forming units per cell, thus infecting about 90% of the cardiocytes as determined by immunofluorescence microscopy using either our polyclonal MAP-4 antibody or an X-gal reaction; there was no observable cytotoxicity.
Preliminary results have shown that MAP-4 appears mostly diffuse until day 3 after infection, after which it decorates the microtubules. Therefore, all experiments were conducted after day 3.
Immunofluorescent labeling
Neonatal heart cells were fixed in freshly prepared 4% formaldehyde for 10 min, permeabilized in 0.1% Triton X-100 and were covered with antibody against MAP-4 and then with the anti-rabbit antiserum tagged with Alexa Fluor\ 488 (Molecular Probes, Eugene, OR). To generate the MAP-4 antibody, we made a bacterial expression construct using the 1 -740 NH 2 -terminal residues of human MAP-4 [41] . Briefly, the recombinant protein, which had a hexahistidine tag inserted at the COOH terminus, was overexpressed in Escherichia coli, purified on a nickel -chelate affinity column, and submitted to SDS -PAGE. The purified protein band was excised, eluted from the gel, and sent to Lampire Biological Laboratories for preparation of a rabbit polyclonal MAP-4 antibody.
Microscopy and time lapse photography
A Zeiss LSM510META microscope with Ar-Laser (458, 477, 488 and 514 nm) 30 mW, Plan-Apochromat 63/1.4 objective and a chamber maintaining 37 -C and 5% CO 2 was used. The minimal possible laser intensity was chosen to decrease the thermal damage to cells. Excitation wavelength and emission filters used for imaging fluorescence: CFP-458 nm/BP475-525, GFP-488 nm/LP505, YFP-514 nm/LP 530. CFP and YFP were visualized simultaneously on Figs. 2 and 4.
For Fig. 6 , an Olympus IX71 microscope equipped with a mercury lamp as a light source, and filter sets for DAPI (Chroma, excitation S403/12, emission S457/50) and for Alexa488 (Chroma, excitation S490/20, emission D528/38) have been used.
Time-lapse pictures of about 100 frames gathered over 10 to 25 min without intervals between successive frames were scanned. Fluorescence-labeled particles moving straight in at least 3 frames in the row and over a distance more than 1 Am were considered to be moving actively and were measured using LSM 5 Image Browser software. Contracting or laser-damaged cells were excluded from the study. The movement speed was measured separately for ZBP-1, Staufen, and EB-1 labeled particles in control and in MAP-4 or h-gal infected cells for at least 60 particles per group. Results were analyzed statistically using Student's T-test.
Radioautography
Radioautography was conducted as described [65] , applied here to neonatal cardiocytes. Briefly, cells were cultured on cover slips in 35 mm culture dishes.
3 H-uridine (10 ACi/ml) was added to the culture medium for 1 -6 h. After that, cells were fixed with formaldehyde, dried in alcohol and coated with undiluted Kodak NTB2 photographic emulsion at 42 -C. After 7 days of exposure at 4 -C, they were developed in Kodak D-19 developer as recommended by the manufacturer, counterstained with toluidine blue and mounted in Entellan. 
Results
Assembly of RNPs
In order to visualize mRNA-related proteins in rat neonatal cardiocytes, we transfected freshly isolated cells with plasmids encoding fluorescently tagged RNP proteins Staufen and ZBP-1. The diffuse fluorescence became detectable in the cytoplasm as early as 3-4 h after transfection and persisted throughout the period of observation (7 days). This most likely corresponds to newly synthesized protein which is not yet bound to mRNA. Fluorescent granules, most likely representing RNP particles, appeared first in a perinuclear location (Fig. 1A) and then populated after 24 h the entire cytoplasm (Fig. 1B) . Double transfection of neonatal rat cardiocytes with plasmids encoding two different and differently labeled fusion proteins (Staufen-YFP and ZBP-1 -CFP) revealed their co-localization in many instances (Fig. 2) .
Movement of RNPs
Time-lapse pictures were analyzed to measure the speed of RNP movement. We found that in live cells the vast majority of labeled particles were oscillating in place, and only a small subpopulation moved straight over a distance more than 1 Am, and only rarely up to 10-20 Am (Fig. 3 and Fig. 3 movie in the Appendix). The measured speed of granules averaged 77.2 T 6.3 nm/s for ZBP-1 and 76.7 T 8.5 nm/s for Staufen (mean T S.E.M.). The close correspondence of the transport rates for these two types of proteins indicates that they may be transported by the same cellular motor and (combined with their co-localization) suggests indirectly that we may really be dealing with two proteins being transported as part of the same RNPs.
Co-localization of RNP and microtubules and movement along the microtubules
To test our hypothesis that microtubules serve as a railroad system for RNP movement, microscopic assessment of co-localization of microtubules and RNPs was undertaken. Cardiocytes double-transfected with the atubulin -EYFP and the ZBP-1 -CFP demonstrated consistent co-localization: the RNP granules were localized close to the microtubules (Fig. 4) . In addition, RNP granules moved along the microtubules from the nucleus towards the cell periphery, as shown by Fig. 4 and Fig. 4 movie in the Appendix.
Microtubule elongation is about 3-fold faster than RNP transport
Elongation of microtubules in live rat neonatal cardiocytes was measured using the GFP-labeled EB-1, which binds to the + end of growing microtubules ( Fig. 5 and Fig.  5 movie in the Appendix). The mean speed of microtubule elongation was calculated to be 204 T 6 nm/s, or about three times as fast as the transport of the RNP particles (Fig. 7) . Thus, the RNP transport kinetics that we have measured are not a function of the rate of microtubule polymerizationbased elongation. 
MAP-4 decoration slows down RNP transport but not microtubule elongation
MAP-4 decoration of microtubules at day 3 after the AdMAP-4 infection was documented in cardiocytes by immunofluorescence using antibodies against MAP-4 (Fig.  6) . Non-infected cardiocytes demonstrated no detectable labeling whereas about 90% of infected cells were positively labeled, just as we demonstrated before [51] . In AdMAP-4-treated cells, the mean speed of the ZBP-1 and Staufenlabeled particles was reduced to about 50% of the control value (Fig. 7) . On the other hand, h-gal infection did not cause significant changes.
In contrast, the mean speed of the EB-1-labeled particles in AdMAP-4-infected cells did not change (204 T 6 nm/s control vs. 227 T 10 nm/s AdMAP-4, n.s.).
Radioautographic dispersion of RNA
The incorporated radioactive 3 H-uridine first localized in the nuclei, predominantly in the nucleoli (Fig. 8A) . The nuclear and nucleolar labeling remained strong during 1 -6 h (Fig. 8A -D ) and up to 24 h (not shown), which reflects the steady high level of RNA synthesis. One hour after the onset of the experiment, labeling over the cytoplasm was minimal (Fig. 8A) . Cells incorporating 3 H-uridine for 2.5, 4 and 6 h demonstrated gradual dispersion of labeling over the entire cytoplasm. Since we could not follow individual silver grains or establish a cytoplasmic starting point, we roughly estimated that the wave front of labeled RNA moves from the nucleus to the cell periphery over a distance of 20 -30 Am in 2.5 h to 6 h, which corresponds to a mean velocity of about 1-3.5 nm/s.
Discussion
This study provides the first experimental evidence for an active, microtubule-based mechanism of mRNA distribution in heart muscle cells. We demonstrated microscopically for the first time the existence of RNP particles in cardiocytes, their co-localization with microtubules, and their microtubule-related transport. We calculated the speed of this transport and its inhibition when microtubules are decorated by MAP-4. Finally, we found that in cardiocytes microtubule-based transport occurs independently from microtubule elongation, and that the latter is not influenced by MAP-4.
Nature of RNP particles in cardiocytes
In the present study, RNP particles ranged in size from about 30 to 100 nm. However, this is only an estimate, since we could not measure particle size precisely via fluorescence microscopy because of resolution limitations. More- over, overexposed particles appear larger, and some studies have reported RNP particle sizes of up to 500 nm [34] or even 700 nm [66] . Electron microscopy studies [67] described nuclear RNP particles of 20 to 50 nm. However, electron microscopy data on RNP particles outside the nucleus [22] have described them as loose and amorphous particles associated with polyribosomes, about 200 nm in diameter. While Oleynikov and Singer described ZBP-1 shuttling between nucleus and cytoplasm in chicken embryo fibroblasts [20] , we could not detect any nuclear ZBP-1 or Staufen labeling.
Pre-RNP exported through the nuclear pores to the cytoplasm [68, 69] matures into RNP particle binding proteins, recently classified [70] into 1) RNA-binding proteins that associate with specific mRNAs such as Staufen [42] , ZBP-1 [12] , and Vera [71] ; 2) motor proteins that associate with RNPs to transport them, such as dynein [45] and kinesin [72] ; 3) adaptor proteins that interact with other elements of RNPs and are essential for their transport, such as Barentsz [27, 73] , She3p [74] and Miranda [75] ; 4) cytoskeletal structures along which RNPs move, such as microtubules [42] and actin thin filaments [76] ; and 5) specific repressors of protein synthesis that prevent translation before the target mRNA is properly localized, such as Bruno [77] . Obviously, after passing the nuclear pore bottleneck, tens or hundreds of particles may come together and bind additional regulatory and transport proteins and ribosomes [78] . They thereby grow about 10-fold in size (which corresponds to a 1000-fold gain in volume), bind to the microtubules, and move to their destination where the translation may finally begin [79] .
Speed of RNP movement
Twenty years ago, Lasek et al. [80] differentiated fast (0.5 -4 Am/s) axonal transport of vesicles from slow (10 -50 nm/s) transport of cytoplasmic proteins based solely on radiolabeling, the only technique available at that time. The measurements for mRNA showed even slower movement than that for proteins [65] .
Since fluorescence study of live cells after microinjection of labeled mRNA [37] , labeling with mRNA-dyes [34] or transfection with fluorescent fusion proteins [23, 81] became available, many investigators have followed intracellular movement directly and calculated the speed; the results are summarized in Table 1 .
In the present study, we estimated an average speed of RNPs in the cytoplasm of about 80 nm/s, which corresponds closely to the literature data for RNP transport in neurons, oligodendocytes and fibroblasts [20, 34, 37, 38, 82] .
In cells infected with AdMAP-4, the mean speed of RNP particles was significantly reduced. We excluded the influence of adenoviral infection by using Adh-gal as a negative control and suggest that the reason for the speed reduction by MAP-4 could be the competition of the molecular motor with the MAP for binding sites on microtubules.
In contrast, the mean speed of microtubule elongation was almost 3-fold higher, very close to that described for HeLa cells [83] , and it was MAP-4-independent. Thus, microtubule elongation and microtubule-dependent transport of RNPs are based on different molecular mechanisms.
At any time point the majority of particles do not exhibit net movement but instead oscillate in place. Similar behavior of RNP-labeled granules using GFP -ZBP-1 or GFP -Staufen has been reported in chicken embryo fibroblasts [20] , chicken neurons [84] , and rat hippocampal neurons [23] . This transport pattern could be explained by saltatory motion or by very short-term movement of intracellular cargos along microtubules [85] . Further, RNPs have been shown not to be bound to motor proteins or microtubules most of the time [86] .
To approximate the rate of movement of RNA pools over a longer period of time, we used radiolabeling, taking into account that the measurement could be contaminated by rRNA movement but hoping that rRNA might be transported in the same RNP particles [22] . We roughly estimated the mean velocity of newly synthetisized RNA in cytoplasm to be about 1 -3 nm/s or 20 to 80 times less than that measured by our fluorescence method, which probably means that at any given time only one out of 20 to 80 granules is moving. This result is consistent with our observation by fluorescence microscopy that at any given time only a small fraction of the particles show substantial vectorial movement.
Conclusions
We demonstrate here for the first time RNP particles in cardiocytes, their microtubule-related movement, and the inhibition of this movement, but not of microtubule elongation, by MAP-4 microtubule decoration.
